Based on the exact numerical simulation and physical analysis, we have demonstrated all-angle single-beam left-handed behavior and superlens for both TE and TM modes in a two-dimensional coated photonic crystals. The imaging behaviors by two-dimensional photonic-crystal-based superlens have been investigated systematically. Good-quality images and focusing, with relative refractive index of -1, have been observed in these systems for both polarized waves. In contrast to the images in near-field region for the lowest valence band, non-near-field images, explicitly following the well-known wavebeam negative refraction law, have been demonstrated. The absorption and compensation for the losses by introducing optical gain in these systems have also been discussed. Thus, extensive applications of such a phenomenon to optical devices are anticipated.
I. INTRODUCTION
Recently there has been a great deal of interest in studying a novel class of media that has become known as the left-handed materials (LHMs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . These materials are characterized by simultaneous negative permittivity ǫ and negative permeability µ. Properties of such materials were analyzed theoretically by Veselago over 30 years ago [1] . As was shown by veselago, the LHMs possess some peculiar electromagnetic properties such as inverse Snell's law, reversed Doppler shift, and reversed Cherenkov radiation. It had also been suggested that slab of the LHM could be employed as an unconventional flat lens.
Due to the absence of naturally occurring materials having both negative ǫ and negative µ, Veselago's prediction did not receive much attention until recently, when a system consisting an array of split-ring resonators and metallic wires was prepared and demonstrated to have negative refractive index experimentally [3, 4] . Subsequently, some physical properties of the LHMs were analyzed by many authors [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Pendry [5] predicted that the LHM slab can amplify the evanescent waves and the flat lens constructed from such a material with ǫ = µ = −1 could in principle work as "perfect" lens (superlens). Although the concept of superlens was questioned by a number of authors [21] , more detailed physical considerations had shown that the construction of "almost perfect" lens is indeed possible [22] [23] [24] [25] [26] [27] .
Recently, such image behaviors have been observed by some numerical simulations [22] [23] [24] and experimental measurements [24] [25] [26] [27] . However, only near-field images were demonstrated and extensive applications of such a phenomenon were limited [22] [23] [24] [25] [26] [27] .
It was shown that the negative refraction could also occur in photonic crystal (PC) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . The physical principles that allow negative refraction in them arise from the dispersion characteristics of wave propagation in a periodic medium, which can be well described by analyzing the equifrequency surface (EFS) of the band structures [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . In the PC structures, there are two kinds of cases for negative refraction occuring [31] . The first is the left-handed behavior as being described above [29] [30] [31] [32] . In this case, k, E and H form a left-handed set of vectors (i.e., S · k < 0, where S is the Poynting vectors). Another 2 case is that the negative refraction can be realized without employing a negative index or a backward wave effect [33] [34] [35] [36] [37] . In this case, the PC is behaving much like a uniform right-handed medium(i.e. S · k > 0). Recently, Luo et al. [33] have shown that all-angle negative refraction could be achieved at the lowest band of two-dimensional(2D) PC in the case of S · k > 0. The advantages of the negative refraction in the lowest valence band are single-mode and high transmission. These can help us to design microsuperlens and realize the focusing of the wave. Very recently, the subwavelength focusing and image by 2D PC slab have been observed experimentally [34] [35] [36] . Absolute negative refraction and imaging of unpolarized electromagnetic wave by 2D PC slabs have also been obtained [37] .
However, due to the anisotropy of dispersion in 2D PC, such images only appear in near-field region [38, 39] .
How to realize a good-quality non-near-field image becomes an important issue. The prerequisite condition to realize such a phenomenon is the negative refraction which possesses the single-mode and high transmission. Although some works [29] have shown that the left-hand behavior and focusing exist in the 2D PC, the multiple-mode and low transmission in high frequencies affect the features of focusing [31, 32] . It is well known that the electromagnetic (EM) wave can be decomposed into TM modes (S wave) and TE modes (P wave) for the 2D PC structures [40] . However, the investigations [29] have shown that air-hole-type 2D PCs possess good left-handed behavior for TM modes, and a pillar type 2D PC prefers TE modes. In this paper, we will demonstrate that coated cylinder PCs with triangular lattice posses double features. They have not only good left-handed behavior for the TM modes, but also for the TE modes. Most interestingly, the all-angle single-beam left-handed behaviors with relative refractive index of -1 for both polarized waves have been found in these systems. Thus, high-quality focusing and imaging behavior have been obtained. In contrast to the images in the near-field region for the lowest valence band, non-near-field images, explicitly following the well-known wave-beam negative refraction law, have been demonstrated. The absorption and compensation for the losses by introducing optical gain in these systems have also been discussed.
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The rest of this paper is arranged as follows. In Sec. II, we demonstrate the all-angle single-beam left-handed behaviors for both TE and TM modes in a two-dimensional coated photonic crystals. The good-quality non-near-field imaging behaviors are discussed in Sec.
III. In Sec. IV, we analyze the effect of absorption and gain. The conclusions are given in Sec. V.
II. LEFT-HANDED BEHAVIOR IN 2D COATED CYLINDER PC
We consider a 2D triangular lattice of coated cylinders immersed in a air background with lattice constant a. The coated cylinders have metallic cores coated with a dielectric coating. The radii of metallic core and coated cylinder are 0.25a and 0.45a, respectively.
The dielectric constants of dielectric coating are taken as 11.4 for the S wave and 7.0 for the P wave. For the metallic component, we use the frequency-dependent dielectric constant [41] ,
where f p and γ are the plasma frequency and the absorption coefficient. Following Ref. 41 , for all numerical calculations carried out in this work, we have chosen f p = 3600THZ and γ = 340THZ, which corresponds to a conductivity close to that of Ti. However, our discussion and conclusions given below can apply to other metal parameters as well. In order to simplify the problem, we first consider the cases without absorption (γ = 0). The effect of absorption will be discussed at the latter part.
For all calculations throughout this paper, we adopt the multiple-scattering KorringaKohn-Rostoker method [42] as our main computational tool, both to calculate the photonic band structure in the reciprocal space and to perform numerical simulations for wave propagating in the finite real space. The multiple-scattering method is not only success in the calculations of band structure, it is also best suited for a finite collection of cylinders with a continuous incident wave of fixed frequency. For circular cylinders, the scattering property of the individual cylinder can be obtained analytically, relating the scattered fields to the incident fields. The total field, which includes the incident plus the multiple-scattered field, can then be obtained by solving a linear system of equations, whose size is proportional to the number of cylinders in the system. Both near field and far field radiation patterns can be obtained straightforwardly. So, such a method is a very efficient way of handling the scattering problem of a finite sample containing cylinders of circular cross sections, and it is capable of reproducing accurately the experimental transmission data, which should be regarded as exact numerical simulation. The detailed description of this method has been given in Ref. [42] .
The calculated results of band structure for the S wave and the P wave are plotted in It is clear from the figures that some EFS contours such as ω = 0.42 − 0.47(2πc/a) for the S wave and the P wave are very close to a perfect circle, indicating that the crystal can be regarded as an effective homogeneous medium at these frequencies. At the same time,
we also notice that the frequencies increase inwards for both cases, meaning that S · k i < 0 and the group velocities (v g ) are opposite to the phase velocity. Here, S and k i represent the Poynting vector and wave vector, respectively. These indicate that the transmitting features of the wave in the above PC structures are the left-handed behavior. The conservation of the surface-parallel wave vector would result in the negative refraction effect in these cases, which the direction of the refracted wave inside the PC can also estimated from the EFS.
Then, we apply Snell's law in these cases, the negative indexes of refraction can also be obtained. Fig.3 (a) and (b) show the negative effective indexes as function of frequencies for the S wave and the P wave, respectively. It is interesting that the cases with relative refractive index of -1 for the S wave at ω = 0.42(2πc/a) and the P wave at ω = 0.43(2πc/a) have been found.
In order to test the above analysis, we do numerical simulations in the present systems.
We take the slab samples which consist of 13-layer coated cylinders in the air background The simulations are based on a highly efficient and accurate multiple-scattering method [42] . In our calculations, the widths of the samples are taken enough large, such as 40a, to avoid the edge diffraction effects. The calculated results for the S wave and the P wave are plotted in Fig.4 (a) and (b), respectively. The field energy patterns of incidence and refraction are shown in the figures. The arrows and texts illustrate the various beam directions. The geometries of the slab are also displayed. It can be clearly seen that the energy fluxes of refraction wave travel following the negative refraction law for both polarized waves. The negative refraction indexes for the S wave and the P wave obtained from the exact numerical simulation are marked as dark dot in Fig.3(a) and (b), respectively. Comparing them with the estimated results (solid lines in Fig.3(a) and (b) ) from the EFS , we find that the agreements between them are well around the region of effective refractive index of -1 for both polarized waves. When the effective refractive indexes deviate largely from -1, some 6 differences can be found. This is due to the Goos-Hanchen effect, which had been discussed in Ref. [43] .
Varying the angle of inclination of the sample, we have checked the cases with various incident angles. The calculated and analytical results of refracted angle θ versus incident angle θ 0 at ω = 0.42(2πc/a) for the S wave and ω = 0.43(2πc/a) for the P wave are summarized in Fig.5 by the circle and triangular dark dots, respectively. Because the frequencies are below 0.5(2πc/a), all-angle single-beam negative refractions have been observed at these frequencies. More interestingly, θ is linearly proportional to θ 0 in the whole angle region for both polarized waves. This feature is close to the ideal LHM system that can serve as a perfect superlens [5] .
III. IMAGE DEPENDING ON SLAB THICKNESS AND OBJECT DISTANCE
It is well known that an important application of negative refraction materials is the microsuperlens [5] . Ideally, such a superlens can focus a point source on one side of the lens into a real point image on the other side even for the case of a parallel sided slab of material. To see whether or not such a phenomenon exists, we employ the multiple-scattering method [42] to calculate the propagation of waves in such a system. A typical field intensity pattern for the S wave across the above slab sample is plotted in Fig. 6 To have a more complete vision on the imaging effect of this type of superlens, we move the light source and see what happens to the imaging behavior. We first put a point source near the left surface of the slab. In this case, the refracted process following wave-beam negative refraction law is shown on the top of Fig.7 . The calculated intensity distribution is plotted in Fig.7 . In our simulations, the point source is placed at a distance of 2.0a
from the left surface of the sample and the image is found near 9a from the right surface.
The excellent agreements between the simulations and the estimated results from the rules of geometric optics are obvious. The corresponded result that a point source is far from the left surface is displayed in Fig.8 . In this case, the point source is placed at a distance The above results are only for the S wave, in the following, we will investigate the case of the P wave. We take the PC slab samples with 40a width and various thicknesses. A point source of the P wave is placed at a distance of half thickness of the sample from the left surface of the slab. The frequency of the incident wave emitting from such a point source is 0.43(2πc/a), which is corresponded to the case with relative refractive index of -1 for the P wave. The propagation behaviors of the P waves in such systems are still calculated by the multiple-scattering method [42] . Fig.9 These observations indicate clearly that the imaging behaviors depend on the slab thickness and the object distance, explicitly following the well-known wave-beam negative refraction law. Therefore, such PC slabs in some frequencies can be considered as homogeneous effective medium with effective refraction index of -1. The high-quality focusing and images can be realized in these PC systems for both S wave and P wave.
IV. EFFECT OF ABSORPTION AND GAIN
The above investigations have shown that the PC slab consisting of coated cylinders is actually considered as a good superlens for both polarized waves. The common features of these coated systems are that they all include metal components. Therefore, the absorption for these systems is inevitable. Lou et al. [38] have pointed that the central image peak disappear and the image degrade gradually with the increase of absorption. However, fortunately, the loss can be overcome by introducing the optical gain in the systems. Recently, Ramakrishna and Pendry [19] have suggested a method to remove the absorption by introducing optical gain into the lens made from a multilayers stack of thin alternating layers of silver and dielectric medium. Here, we borrow their idea and introduce the optical gain in the 2D PC superlens. Fig.11(a) shows the intensity distribution as a function of transverse coordinate (y/a) for the S wave at the image plane (5.5a away from the second interface). Curve A is corresponded to the perfect case without absorption and curve B to that with absorption, in this case γ is taken as 340THZ. Comparing the curve A with the curve B, we find that the central peak of image decrease with the introducing of absorption, which is agree with the analysis of Ref. [38] . This is also consistent with the numerical studies of left-handed structures constructed from split-ring resonators in Ref. [7, 8] . The result by introducing gain to remove the absorption for the corresponding case is plotted in Fig.11(b) . Curves B in the Fig.11 (a) and (b) are the same one, and curve C in the Fig.11(b) is the result with the dielectric constant ǫ = 11.4 − 0.08i for the dielectric part of coated cylinder. We do not find any difference between curve A in the Fig.11 (a) and curve C in the Fig.11(b) .
Similar phenomenon can also be found for the P wave. Fig.12(a) and (b) show the corresponded case of the P wave. Fig.12(a) represents the intensity distribution as a function of transverse coordinate (y/a) for the P wave at the image plane (5.5a away from the second interface). Comparing the curve A without absorption with the curve B in presence of absorption in Fig.12(a) , we find that the absorption decreases the central peak of the image as the case of the S wave. However, with the introducing of gain such as ǫ = 11.4 − 0.06i for the dielectric part of coated cylinder, the lose due to absorption can be compensated completely. Curve C in Fig.12(b) represents such a case. In fact, for any cases of absorption, the losses can always be compensated by introducing fitted gain for both polarized waves.
Thus, the lens based on the above 2D PC can work well even in presence of absorption. For these cases, the images only appear in the near-field region, which does not follow rules of geometric optics [22] [23] [24] [25] [26] [27] 38, 39] . According to Pendry's analysis [5] , the "perfect" image arises from the enhancement of evanescent components of incoming waves, and surface plasmons play an important role in the "perfect" imaging [5, 21] . So, the quality of the image is affected by many factors such as interface feature, finite-size and cavity resonance [22] [23] [24] [25] [26] [27] .
These will limit further applications. Here, our superlens based on the coated PC systems with triangular lattice can overcome these restrictions. Thus, extensive applications of such a phenomenon to optical devices are anticipated.
In addition, the absorption and compensation for the losses by introducing optical gain in these systems have also been discussed. In general, for the PC structures with metal components, increased absorption in metals prohibits the scaling of these structures to the optical wavelengths. However, since the losses by absorption can always be compensated by introducing fitted gain in our coated PC systems, many negative refraction phenomena that have been observed in the microwave regime can also be found in the optical wavelengths.
These features make the PC slabs consisting of coated cylinders promising for application in a range of optical devices, such as a superlens for visible light. 
